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SECTION i

SUMMARY

Design and development effort on the hydrostatic omni-

directional accelerometer (Figure i) was performed under Task 2A of

JPL Contract 950267. Ten accelerometers were fabricated and calibrated,

with seven of the ten delivered to JPL as specified in the contract.

Calibration data on all ten accelerometers are contained in this report.

Design objectives of acceleration range, overload capacity,

thermal compensation, sterilization capability, and maximum dimensions

were basically met or exceeded. The omni-directional accelerometers

quite closely duplicated the acceleration traces of the reference

Endevco uni-directional accelerometer in drop tests at up to 2000 g's.

Tne accelerometers were very closely reproducible under each particular

test condition and good linearity was realized in both static pressure

calibration and shock testing up to 2000 g's, but there was generally

some off-set between static and dynamic test data. Eight of the

accelerometers have an accuracy of approximately _ I0 percent of full

range under all conditions tested. One of the two discrepant units,

Serial Noo AA 6, gives evidence of having too high a fill pressure,

while the other, AA 12, developed a large void bubble as an indirect

result of sterilization baking. It is believed that these two units

could be readily upgraded through reassembly and refill.

Further improvement effort on the accelerometers should

include a redesign of the Invar thermal compensator sphere to provide

more direct access of the fluid pressure to the face of the transducer,

and an investigation into the thermal drift characteristics of the
transducer.

-I-
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Seven accelerometers numbered AA-3, -4, -5, -7, -8, -9, and

-ii were delivered to JPL on 28 June 1963. The remaining three units,

_A-6, -i0 and -12 are at Aeronutronic awaiting further disposition.

-3-
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SECTION 2

INTRODUCTION

Feasibility effort was initiated at Aeronutronic in the fall of

1961 on an omni-directional accelerometer for the Lunar Surface Measure-

ment Capsule (SURMEC). This proposed Ranger capsule would eject small

spheres onto the lunar surface in a dispersed pattern and record the

acceleration versus time traces during their impacts as a measure of

surface hardness. The simple omni-directional accelerometer devised

for this application measures the hydrostatic pressure at the center of

a small mercury-filled spherical cavity. This center pressure is

linearly proportional to the magnitude of the acceleration, independent
of the direction of the acceleration.

In March 1962 the Jet Propulsion Laboratory authorized

Aeronutronic to experimentally investigate the feasibility of the

accelerometer concept under Task 2 of JPL Contract 950267. That effort

was successfully concluded in July 1962 (Reference i) with the test model

in all respects exceeding the SURMEC design specifications. Directional

sensitivity was less than 2 percent and peak amplitude error was within

the accuracy of the instrumentation calibration from i00 percent down to

2°5 percent of full range. RespOnse frequency range was from 0 to 7500

cps and the natural frequency was 25,000 cps. Thermal compensation was

excellent over the tested range from 32 ° to 155°F. This test model

featured an Invar sphere mounted in the mercury cavity to balance the

system in thermal expansion, and had two diametrically-opposed pressure

transducers mounted on the outer periphery of the cavity so that an

average of their readings represented the pressure at the center of the

cavity° While the performance was excellent, it was recommended that

an attempt be made to redesign for only a single transducer to simplify

the signal circuitry and eliminate the close balancing requirement.

-4-



I
I
I

I

I
I

I
I

I
I
I

I
I

I
I

I
I

I

AERONUTRONIC DIVISION

In October 1962 JPL authorized Aeronutronic under Task 2A of

JPL Contract 950267 to design and develop a pre-prototype model of the

accelerometer, utilizing only a single transducer mounted in the center

of the cavity, and to fabricate and calibrate ten accelerometer units.

Design objectives were as follows:

(i) Acceleration Range : 5g to 2000 g in any
direction

(2) Accuracy : + (2.5 g plus i0 per-

cent of ...... _ value)

(3) Overload Capability: to withstand 50 percent

overload (3000 g) with-

out injury

(4) Frequency Response:

(5) Thermal Compensation :

d.c. to a minimum of

2000 cps

compensated for a temp-

erature range of 20°F to

125°F. Capable of sur-

viving sterilization

heating at 257°F for 24

hours

(6) Case Dimensions spherical, 2 inch diam-
eter maximum.

This report describes the effort and results accomplished under this
Task 2Ao

-5-
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SECTION 3

DESIGN

The design of a single-transducer omni-directional accelerometer

follows basic criteria determined in the earlier advanced development of a

dual-transducer accelerometer. The single-transducer installation elimin-

ates complicated power division and output summing circuits which would be

installed in the case of the dual-transducer configuration. In addition,

the single-transducer configuration does away with output errors caused by

subtractive interaction of the two transducer diaphragms during some impact
conditions°

The device operates on the principle that pressure at the center

of a liquid filled spherical cavity varies in proportion to the accelera-

tion imposed on it and is independent of the direction of acceleration.

The final configuration consists of four major components which are the

outer spherical case, the mercury hydrostatic fluid, an Invar temperature

compensator and transducer housing, and the pressure transducer (see

Figures 2 and 3).

The pressure transducer is mounted so that the diaphragm is at

the center of the mercury cavity° Solid-state strain elements are bonded

to the back of the pressure sensing diaphragm and are wired in a full

bridge circuit to convert the pressure induced stress to high voltage

output° The diaphragm has a very high natural frequency which eliminates

problems associated with its use as the sensing element in an accelerom-

etero A heavy integral flange permits installation with minimum case

distortion. In order to measure accelerations of 2000 g with a hydro-

static height of 1/2 inch, a 0-500 psia range transducer was selected

(Micro Systems Model PO 3BA4-500 modified). This transducer can with-

stand an overpressure of 150 percent, permitting acceleration measure-

ments up to 3000 g, and has a minimum bursting pressure of 300 percent.

-6-
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Mercury was chosen as the hydrostatic fluid because of its high

density and the fact that it had the lowest coefficient of expansion of

the liquids surveyed. The coefficient of expansion, however, is still

larger than that of any case material. Compensation for the differential

rate of expansion must be provided for in order to protect the transducer

diaphragm and to hold temperature-pressure effects to within the design

specifications. Compensation is provided by a low expansion material,

Invar, in the form of a sphere which is firmly fixed in position in the

mercury chamber. The Invar vol_me is very closely controlled so that

the expansion of the remaining mercury when added to the low volume

expansion of _-Lu_Invar exactly equals _'-L[L_-volume expansion of the case.

The Invar compensator is held in position in the mercury cavity

by three stainless steel support plugs and a stem on the Invar sphere, as

shown in Figure 3. The stem is inserted in a hole in the case and is

held in position by a special nut threaded on the stem from the outside

of the case. To prevent movement of the sphere away from the support

plugs due to a bouyancy force created by the mercury on impact of the

accelerometer, the nut is tightened with a minimum torque of 12 inch-

pounds+ This produces a tensile preload in the Invar stem. The

stainless support plugs are spaced 120 degrees apart around the axis of

the stem and are angled approximately 57 degrees from the axis of the

stem in order to prevent movement of the plugs on the inside surface of

the case dt,e to differential expansions or contractions caused by

tempe ra ture change s.

The Invar compensator doubles as a housing for the pressure

transducer. A cavity in the compensator permits installation of the

pressure sensitive diaphragms of the transducer at the center of the

mercury chamber. The transducer leads are lead through a control hole

in the compensator stem to a connection on the outside of the accelerom-

eter case+ An Invar retainer screwed into the end of the compensator is

used to hold the transducer in place. A spacer between the retainer and

transducer flange provides an interior plenum chamber at the face of the

transducer Three holes spaced 120 degrees apart and parallel to the

plane of the transducer diaphragm connect the annular space between the

accelerometer case and compensator with the plenum chamber at the trans-

ducer diaphragm+ A slot cut into the outer surface of the compensator

across the end of each hole and parallel to the axis of the compensator

stem is used to reduce the distance from various points in the mercury

chamber to the transducer diaphragms.

The accelerometer case consists of two hemispherical stainless

steel shells+ These are joined by six machine screws. The half into

-9-
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which the transducer housing is inserted also supplies the means to

terminate the transducer leads and to provide a stronger connection with
the external cable.

Leads from the transducer are terminated outside of the nut

holding the compensator-transducer housing unit in place in the chamber

half. At this point a four-conductor, shielded, teflon-coated external

cable is attached to the transducer leads. The cable is bonded to a

sleeve which fits into a recess on the under side of a cover plate. A

rubber nipple over the lead is used on the outside of the cover plate to
A1 _,_;__
=_±m_L_=te strain caused by sharp bends at ....uL_c point the _eau.....leaves the

cover. The cover plate is used to hold the complete external cable

assembly and transducer lead connection firmly in place in the accelerom-

eter case. The cover also completes the spherical outer surface of the
case o

A fill hole in the other chamber half is used to vacuum fill

the accelerometer with mercury. This hole is threaded for most of its

depth. The bottom of the hole reduces to 1/16 inch diameter before

entering the mercury cavity. The accelerometer is sealed by a valve

screwed down on a 3/32 inch diameter steel ball which seats against a

ledge at the bottom of the fill holeo This arrangement permits sealing

of the accelerometer after vacuum filling While the internal pressure is

at I to 2 inches of mercury pressure. A cap, screwed in over the valve,

completes the outer spherical surface.

Three seals are required. These are located between the trans-

ducer housing and the case at the point the compensator stem is inserted

into the chamber half, under the transducer flange in, the transducer

housing, and at the main joint between the two case hemispheres. The

first two locations were designed to use the same size seal. For the

final configuration, the seal used for these two locations is a neoprene

O-ring. The main seal consists of a crushable soft copper O-ring in

combination with Permatex sealing compound.

Since bubbles, or voids, in the mercury have a marked effect

on the response of the accelerometer, all interior surfaces are gold

plated before assembly, in order to cause the mercury to wet the

interior surfaces in sharp corners and channels.

A transducer driver supplied with the transducer is attached

to the end of the external cable. The driver permits remote operation

from an unregulated 28 volt DoC. supply without sacrificing transducer

performance° The driver is also used to help compensate the transducer

throughout its operating temperature range. This unit completes the

accelerometer assembly°

-I0-
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SECTION 4

DEVELOPMENT

The engineering development of the single-transducer omni-

directional accelerometer may best be described by considering various

areas of development separately. It should be noted, however, that

while each area will be discussed separately, there was very close

inter-relationship of the development effort for one area to fihat of
another area.

4o I ASSEMBLY

The assembly of the omnidirectional acceLerometer can be

considered to be made up of five basic steps as follows:

(i) Initial mechanical assembly

(2) Pressure check and calibration of the pressure
transducer

(3) Vacuum fill of the accelerometer with mercury

(4) Temperature compensation check and cavity

volume correction, if required

(5) Final mechanical assembly

The initial mechanical assembly consists of the assembly of the

internal components in one chamber half of the accelerometer case followed

by joining of the two parts of the case. The accelerometer at this point

is capable of holding pressure and is ready to be filled. During assembly

-II-
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of the first units, several changes in assembly procedure were necessary.

A preload of about 240 pounds in tension in the stem of the Invar compen-

sator is required to prevent movement of the compensator from its supports

under a 3000 g shock loading. The torque required to tighten the nut on

the stem was estimated to be about 15 inch-pounds. This torque was found

to be insufficient to properly seat the metal O-ring seal initially used
between the compensator and the case. It was found that a load of 500

pounds/inch of seal was required. The applied torque had to be increased

to 22 inch-pounds to crush the metal ring. (see Figure 4)

A similar situation was encountered with the seals under the

flange of the pressure transducer and at the joint between case halves.

The torque on the retainer was increased from 20 inch-pounds to 40 inch-

pounds while the torque on the six screws joining the two case halves was

increased from 15 to 20 inch-pounds. In addition, a revised tightening

procedure was instituted in order to pull the main joint seal down evenly.

As a result of difficulties encountered with the seals and

described in more detail in Section 4.2, the metal O-rings between the

compensator and case and between the transducer flange and compensator

were replaced with rubber O-rings. This permitted the torque applied to

the nut on the compensator stem and to the transducer retainer to be

reduced to the original values. The main seal was replaced with a spec-

ial copper ring and Permatex sealing compound. The torque on the six

screws joining the case halves required to crush the seal properly was

found to be about the same as that required for the teflon coated metal

ring.

Before assembly of the internal components, measurements were

made of several basic dimensions in order to determine the tolerance

build-up in the parts caused by maching tolerances. To compensate for

any increased volume of Invar the retainer was shortened in length

according to the dimensional changes noted.

Several internal modifications are found to be necessary.

These consisted of cutting small channels in the sides of the compensa-

tor supports to allow mercury to flow into the small cavity under each

support° A similar channel was cut in the side of the spacer to permit

mercury to flow into the space between the transducer flange and compen-

sator wallo In addition, all interior parts were plated with gold in

order to reduce mercury surface tension effects. The reason for this

is described more fully in Section 4.5.

-12-
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After completion of the initial assembly, the accelerometer is

leak checked with a helium leak detector. This is a modification of the

initial assembly procedure made necessary by problems encountered with

the seals. A pressure calibration of the transducer follows the leak

check. The vacuum filling operation and temperature compensation are
discussed in Sections 4.3 and 4.4.

Final assembly consists of attaching the external leads and

filling the screw holes in the case. The leads from the transducer are

cut off within about 1/2 inch of the point they leave the compensator

=L=L,. _,= =AL=_U= _==UO are =LL=U,=U at L,±= oint and are firm

attached to the accelerometer by means of a stainless steel cap. The

external cable is bonded to a sleeve which fits into a seat on the under

side of the cap and the assembly is held to the accelerometer case with

three 0-80 socket head cap screws. A rubber grommet was added at the

point the external cable leaves the cap in order to provide additional

stiffness and strain relief. A hard-setting epoxy, Hysol, is used to

fill the screw holes and is smoothed to the contour of the outer surface,

completing the assembly.

4+2 SEALING

One of the major problem areas encountered was in obtaining

a satisfactory seal at all three seal locations. Because of a threshold

pressure effect, the accelerometer must be sealed with an internal pres-

sure of approximately i psi. The seals, therefore, must seal against an

external pressure differential of approximately 14 psi and also be cap-

able of withstanding an internal pressure of 750 psi when undergoing a

3000 g acceleration, all for a temperature range from 20°F to 125°F°

The single-transducer design originally called for the use of

metal O-ring seals. These seals consisted of crushable stainless steel

tubing formed into a ring and then coated with a thin layer of teflon.

Metal rings were selected in order to reduce flexibility effects noted

during the development of the dual-transducer model. Results of initial

helium leak checks using these seals indicated that poor sealing was

obtained. In the case of the small rings under the transducer and be-

tween the transducer housing and the accelerometer case, this was traced

to insufficient crushing of the seals. It was found that about 500 pound

per inch of seal was required to properly crush these seals. A substantial

increase in the torques applied to the nut on the compensator stem and to

the retainer which holds the transducer in place appeared to solve the

leakage problem at these two points.

-14-
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The more difficult seal problem to solve was at the main seal

between case hmlves. It was found that the metal O-rings tended to pull

inward into the mercury cavity and away from the outside wall of the seal

seat. A thin layer of teflon primer was deposited on the seal seat in an

effort to improve sealing. A successful seal was achieved at room temper-

ature when the material was built-up on the edges of the seat. This helped

to push the seal against the outer wall of the seat and also provided

somewhat of a bond between the teflon of the ring and the seal seat. It

was found, however, that under temperature extremes and some operating

conditions the seal could not be relied upon to hold an internal pressure

............. _..... appears +_-_ the teflon uv=_=uJ rings are not

sufficiently flexible to respond to quick changes in temperature and
flexure of the case.

Several rubber O-rings made of viton or neoprene were selected

to replace the metal O-rings. While successful sealing was obtained

with the small O-rings under the transducer and between the compensator

and case, the rubber rings for the main joint were a disappointment.

Part of the failure of the rubber rings to provide a good seal was due

to the fact that a replacement seal of the proper size could not be found.

The rings had to be expanded on a mandrel to the proper inside diameter.

In addition, seal flexibility was a problem since the seal groove was

closed on only three sides permitting the seal to move inward toward the

center of the case. Several neoprene bonding agents were tried with

varying degrees of success. The primary difficulty with these bonding

agents was that they became tacky too quickly and would not permit pro-

per seating of the rings in the seal seat.

Two special silicone rubber seals were molded and tried. Seal

flexibility was again a problem. These rings tended to bend over before

crushing. To prevent the seal from bending, one of the seals was bonded

in place on the seal seat. While the bond held, the seal itself sheared

away from the bond area when compressed.

As part of another experiment, Permatex gasket cement was used

with good results. It appeared that a satisfactory seal could be obtain-

ed with a crushable metal ring in combination with Permatex. The problem

was to find a soft metal which was not attached by the mercury. It was

found that copper had fair to good resistance to mercury corrosion for

the temperature range specified.

The final configuration, therefore, employs a soft copper ring
in combination with Permatex at the main seal location between case

halves. The rubber O-rings used successfully under the transducer and

between the transducer housing and outer case replace the metal O-rings

in the final configuration.

-15-
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4.3 FILLING

The filling procedure was designed for vacuum filling of the

accelerometer and to permit sealing of the accelerometer under vacuum

conditions with controlled internal pressure of i to 2 inches of mercury.

The filling was done through a hole in one half of the accelerometer

case. The arrangement of valve and ball seals are described in Section 3.

A specially designed fill fitting screwed into the fill hole

makes it possible to seal the accelerometer under vacuum. The fitting
1 ........ 1 • • _I

consists of a ,_x_gon_1 body with a 1/4 inch diameter tube julneu to the

side to form a 'T'. A plug is inserted into a hole through the body of

the fitting. This plug has a screwdriver slot at the outer end of a

screwdriver blade at the end where the fitting screws into the fill hole.

A small O-ring seals the assembly. The plug is free to turn in the body

of the fitting and is used to screw the sealing valve down on the ball

and against the seal seat.

A schematic diagram of the arrangement of components of the

vacuum filling operation is given in Figure 5. The tubing used to

connect the various parts of the system was 1/4 inch ID Taigon tubing.

The mercury reservoir was 1/2 inch ID Taigon tubing with a rubber stop-

per at one end. Since system pressure normally was between 5x10 -6 and

2x10 -5 inches of mercury, 1/8 inch ID restriction was placed between the

mercury reservoir and the vacuum diffusion pump, to reduce the boil-off

of mercury vapor. In addition the mercury was cooled with ice water.

A cold trap was placed in the line to the vacuum diffusion

pan. This was used to supplement a second cold trap which was part of

the vacuum diffusion pump. These traps were filled with liquid nitrogen,

and were used to trap the mercury vapor boiled off and to improve system

pressure.

The fill procedure as finally established consists of several

steps. Since the small stainless steel ball used to seal the accelerom-

eter would act as a check valve when filling the accelerometer with

mercury, the initial fill is done without the ball and valve in place.

The mercury reservoir is placed below the opening to the accelerometer

and the accelerometer is outgassed for several hours before pouring the

mercury into the sphere. A head of mercury is maintained for from 5 to

i0 minutes to allow time for the mercury to flow into all corners and

channels° This process is helped by the gold plating on all the interior

surfaces. The head of the mercury is then removed except for that remain-

ing in the fill hole of the accelerometer. The system pressure is brought
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to atmospheric and the fill fitting is removed. A stainless ball and

valve are screwed into the fill hole of the accelerometer displaying

the mercury standing in the hole but are not tightened against the seat.

Since the mercury is denser than the steel ball, the ball floats on the

mercury and is held against the valve away from the seat. The fill

fitting is replaced and the system pressure is again reduced to vacuum

conditions. A head of mercury is again placed on the sphere and is

held to 1 to 2 inches. This produces an internal pressure of 0.5 to

1.0 psi and a corresponding acceleration threshold of 2 to 4 g's. A

screwdriver, with the aid of the screwdriver blade on the end of the

_u_ _u the _t_:'1fitting, is then used to screw the valve and oatl

against a seat sealing the accelerometer. The fill procedure is com-

pleted when the pressure is brought to atmospheric and the fill fitting
is removed.

4.4 TEMPERATURE COMPENSATION

In order to protect the transducer diaphragm and to hold

pressure-temperature effects to within that permitted by the design

specifications, some form of compensation for the differential rate of

expansion between mercury and stainless steel must be provided. This is

accomplished by rigidly suspending an Invar sphere in the mercury cham-

ber of the accelerometer. For proper compensation the expansion in

volume of the mercury plus the Invar sphere should exactly equal the

volume expansion of the interior cavity of the case.

Elasticity relations required for the design of a thermally

compensated accelerometer are presented in Appendix B. Using these

relationships, the thermal expansion equations were obtained from which

the required Invar sphere radius for perfect compensation was determined.

This" calculation is given in Appendix C.

All tolerances were designed to result in an over compensated

unit. Coarse adjustment for machining tolerances was obtained by
changes in the length of the retainer which holds the transducer in

place in the compensator. Fine volume adjustment was provided by a

threaded hole in the retainer which could be filled with slugs of

stainless steel of the desired length.

Temperature compensation data were obtained by observing the

output of the pressure transducer for a sealed accelerometer as a func-

tion of temperature. An oven which permitted a temperature variation

from 20°F to 125°F was used to control the temperature of the accelerom-

eter. The initial results obtained were unexpected in that considerable

-18-
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drift and nonlinear effects were noted. As a result of a series of

subsequent tests on the transducer by itself, the drift appeared to be

due to hysteresis and temperature effects on the transducer.

The nonlinear effects were disturbing since these appeared to

indicate a void in the mercury filling the accelerometer. This was

confirmed with a series of void volume measurements described in

Section 4°5. The nonlinear effects noted tended to disappear as the

void size was reduced.

It was found that the small changes in volume produced by

varying the length of the slugs in the retainer were masked by the

variation in output of thetransducer with temperature. Moreover, to

accurately determine the compensation the output voltage versus tempera-

ture for both the unfilled and filled conditions would be necessary.

However, since the total variation in pressure for a 100°F temperature

change was normally considerably less than i0 percent on even the

initial fill, more extensive effort to further reduce the sensitivity

was deemed not fruitful at this time. A curve of output voltage versus

temperature is supplied for each unit. This calibration adjustment

curve would be required only if a temperature change were to occur

during operation after a zero acceleration level had been established.

4°5 MERCURY VOIDS

The most serious problem encountered was the presence of

voids in the mercury. A mercury void seriously affects the response

characteristics of the accelerometer. The possibility of a void was

first noticed in the nonlinear data obtained during temperature compen-
sation runs° Initial results from vibration and shock tests were also

characteristic of a large bubble in the mercury. A series of tests

using a 2 E_ ID manometer tube was run in order to determine void size.

The tube was mounted on a fitting which screwed into the accelerometer

fill holeo The mercury level under vacuum and at atmospheric pressure

was measured and the void volume was determined from the displacement.

Data obtained from three accelerometers indicated an average void of
8x10 -4 cubic inches.

Variations in fill procedure were tried first to eliminate or

reduce the void size° These variations included heating the accelerom-

eter to drive off air molecules and replace them with mercury vapor,

ultrasonic excitation during filling, and pressurizing the accelerometer

after being filled in order to force mercury into small corners. No

apparent improvement in fill was noted for these variations in procedure
and the original procedure was continued in use.

-19-
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In order to determine if the bubble was due to trapped gas or

to mercury surface tension effects, one accelerometer was vacuum filled

with silicone oil. A complete fill was obtained with the oil, therefore,

it was felt that the high surface tension of the mercury was the primary
cause of the voids.

A series of void volume measurements on various accelerometer

cases and interior component configurations were made in order to locate

the source of trouble. The volumes were computed for a standard internal

pressure of 2 inches of mercury. In part of these tests an improved mano-

_LL=L=L Lug= _L_ w=_ .... _ - the bottom of thewLL_L permitted sealing =t

fill hole instead of at the top of the hole. This eliminated the error

caused by mercury flowing up into the threads of the filling below the

sealo The average void size determined for the various configurations
are :

(I) Standard Configuration 7.3xi0 -4 cu in

(2) Standard Configuration, inter-

ior gold plated
-4

i. 63xi0 cu in

(3) Accelerometer case and trans-

ducer housing; no transducer,

spacer or retainer
-4

1.04x10 cu in

(4) Accelerometer case only, no

interior components
-4

.523xi0 cu in

(5) Accelerometer case only; no

interior components and O-ring

seals replaced by Permatex gas-

ket material
-4

•246xi0 cu in

(6) Theoretical volume change of

case due to 15 psi pressure

change .056xi0 -4 cu in

These results are more completely covered in Appendix G.

It can be seen that the high surface tension effects prevent the

mercury from wetting the surface completely in the small channels and

sharp corners of the interior components. Measures, such as providing

mercury channels into crevices and threshold areas, as well as adding RTV

fillets in sharp corners did not produce significant improvements. Gold

-20-
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plating on all interior surfaces promotes wetting and was found to reduce

the void size by nearly a factor of five, from 7.3 to 1.6x10 -4 cu in. An

improved main seal was expected to reduce this remaining bubble somewhat

further. While a considerable improvement in bubble size was obtained,

the void remaining was still considerably larger than the theoretical

value of volume change computed for an internal pressure change of 15 psi.

It was felt that this configuration had been carried as far as

possible and any additional changes in configuration would destroy the

temperature compensation of the unit. The final configuration therefore,

...._yo _ _......_ =_u improved seals in order to reduce mercury voids

to the lowest possible size.

4°6 PERFORMANCE CHARACI_ERISTICS OF TEST MODELS

It was noted in Section 4°2 that because of a threshold

pressure effect the accelerometer must be sealed with an internal pres-

sure of about i to 2 inches of mercury in order to measure accelerations

as low as 5 g. This threshold may best be described if the accelerometer

is considered to have a given internal pressure and is in a zero g field.

The pressure will then be the same at the top, middle and bottom of the

accelerometer cavity. When subjected to a small externally applied

acceleration the pressure at the top of the accelerometer cavity will be

lowered while that at the bottom of the cavity will be increased at the

same rate° The hydrostatic pressure at the center, however, will be the

average of the top and bottom and will remain constant until zero pres-

sure is reached at the top of the accelerometer cavity.

This effect was confirmed with a test on the centrifuge of an

accelerometer vacuum filled with mercury but sealed at atmospheric

pressure° The lowest acceleration that could be measured was 30 g.

This corresponds to a pressure of 15 psi for the I inch interior diam-

eter of the cavity. A curve of the data obtained is presented in

Figure 6o The smooth transition in slope around 30 g's is due to non-

linear effects and to small pressure changes created by deflections of

the case, seals and transducer diaphragm.

Several units, sealed at 2 inches of Hg, were subjected to

steady state accelerations up to 150 g in a centrifuge. Hysteresis and

directional sensitivity were found to be less than 0.5 percent. The out-

put of the accelerometer in millivolts/g was also found to be quite linear

and was well within specifications°

-21-
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Initial results from vibration and shock tests were disappointing.

The data obtained were characteristic of large voids in the mercury filling

the accelerometer. The output obtained at low frequencies was rectified

sine wave with a superimposed transient. As the frequency of excitation

increased the transient also increased in amplitude badly distorting the

basic rectified sine wave. Shock response curves obtained with a simple

drop test also showed a superimposed transient on the basic shock pulse.

These effects were similar to those observed for a large void in the

mercury obtained during development tests of a dual-transducer con_gura_on.

Since essentially the only additional equipmentrequired for

the drop tests was recording equipment, subsequent performance testing

performed during the engineering development period was concentrated on

tests using controlled drop heights and impact limiters. Response data

from a shock calibrated Endevco accelerometer was used for comparison

purposes. Very smooth, nearly 1/2 sine, pulses were obtained from impacts

against a shaped nylon limiter.

Some typical early shock time histories are shown in Figures 7

through i0 together with the comparison curve obtained from the crystal

accelerometer. The data shown in Figure 7 are characteristic of data

obtained with the original configuration. Although the velocity change

indicated by the area under the acceleration-time curve for the omni-

accelerometer appears to agree fairly well with that measured by the

crystal accelerometer, the transient, characteristic of a large bubble

badly distorts the basic acceleration pulse shape. When an accelerom-

eter of the original configuration was vacuum filled and sealed with

atmospheric pressure the acceleration histogram obtained from a similar

shock test shows some improvement in characteristics. The curve obtained

is given in Figure 8o The amplitude and number of cycles of the super-

imposed transient are somewhat smaller and the shape of the curve obtained

with the omni-accelerometero This is primarily due to the reduced bubble

size obtained by sealing the accelerometer after allowing the pressure to

rise to atmospheric with a head of mercury remaining in the fill fitting.

Because of the threshold pressure effect, however, measurement of accel-

erations below 30 g's would not be possible when sealed at atmospheric

pressure.

To reduce mercury bubble size by promoting wetting of the

surfaces, one accelerometer with all interior surfaces gold plated was

tested° The acceleration histogram obtained with this configuration,

for the same drop and limiter conditions as used previously, is shown in

Figure 9. A definite improvement can be noted although a rather sharp

initial peak due to the transient is still present. In connection with

this initial peak there also always appears to be a lag in the initial

response of the omni-accelerometer.
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In all the tests described above, the omni-accelerometer was

dropped in a direction perpendicular to the_ face of the transducer. The

gold plated accelerometer was also tested in a direction parallel to the

transducer face. The acceleration histogram for this orientation is

shown in Figure I_ In this orientation the transient appears to be

reduced and the resulting curve seems to match the trace obtained with

the crystal accelerometer more closely. This characteristic may be due

to the internal arrangement of channels from the annular space around the

compensator to the plenum chamber at the face of the transducer inside

the compensator. These channels are arranged in a plane parallel to the

face of the _n_,,r_ .Wh_.=_impacted _ _ A_ +_................... ec_vn perpendicular to

the transducer face the pressure pulse must travel a longer distance to

the diaphragm and same form of standing wave may be formed due to the

pressure of the mercury bubble resulting in the observed transients.

The gold plated accelerometer used flexible _rubber O-rings to

seal the various joints. These may have compromised theresults obtained

slightly, due to increased flexibility and a tending to leak. Engine-

ering development was stopped at this point and the design was fixed.

In the final configuration, the rubber O-ring at the main joint was

replaced with a copper ring to improve elasticity effects and to reduce
surface tension effects at the seal.
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SECTION 5

ASSEMBLY AND CALIBRATION

5.1 ASSEMBLY

Ten accelerometers numbered AA 3 through AA 12 were assembled

as described in Section 4. AA 12 was. somewhat of an exception in that

the accelerometer was subjected to a temperature of 260°F for twenty-four

hours after filling with mercury, but before sealing, to verify that the

assembly can satisfactorily withstand sterilization procedures. After

the twenty-four hour bake, the accelerometer was sealed under vacuum.

The accelerometers were assembled with minor structural variations from

unit to unit as indicated in the simplified diagram of Figure II.

5°2 CALIBRATION

Each accelerometer was subjected to centrifuge and shock tests

in order to establish curves of acceleration versus transducer output

voltage. Accelerometer AA I0 was also tested to determine its frequency

response characteristics and susceptibility to fifty percent overload

(3000 g shock). Curves of accelerometer output voltage versus tempera-

ture were also established over the range of +20°F to + 125°F. The

electrical characteristics were measured in every case, having the

model RC-01 transducer driver in the _ircuit between the power supply
and accelerometer.

The following procedures were followed in the calibrat_n

testing:
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a. Temperature Effects

Output voltage for each accelerometer as a function of

temperature was determined with a Leeds and Northrup millivolt potentlom-

eter and a temperature chamber. The accelerometer was allowed to stabilize

at five temperatures over the range of +20°F to +125°F and the respective

output voltages were recorded. The internal accelerometer temperature was

considered stable at that time when the output voltage did not drift fast-

er than 0.i millivolt per half hour.

b. Sensitivity to Sustained Acceleration

Each accelerometer was mounted on a centrifuge and subjected to

sustained accelerations to i00 g's. Data was taken for the two cases of

increasing acceleration and decreasing acceleration along the major axis,

Accelerometer AA i0 was also subjected to the same test with the accel-

eration applied along two transverse axes. No attempt was made to

distinguish transverse axes since the accelerometer has symmetry about

its major axis°

Co Sensitivity to Shock Accelerations

Output voltage as a function of shock deceleration at I000 g's

and 2000 g's was determined using the drop test set-up shown in Figure 12.

The omni-directional accelerometer was potted into the test fixture with

low-melting cerrobend and the reference Endevco accelerometer was mounted

to the fixture. The fixture was dropped from pre-set heights along

vertical guide wires onto a specially calibrated nylon impact surface. In

general, two drops heights were used to give approximately i000 and 2000

g'So A photograph of the reference accelerometer and omni-directional

accelerometer output voltages as displayed on the oscilloscope were taken

for each shock. Each drop was repeated three times to verify reproduci-

bilityo

Omni-directional accelerometer AA i0 was subjected to a more

complete routine° It received shocEs along the major axis and one

transverse axis, three times each at 5000 g's, I000 g's and 2000 g'so

To test its susceptibility to shocks exceeding the 2000 g rating, two

3000 g shocks were applied along the major axis followed by four i000 g

shocks to be compared with the earlier shocks.

Calibration of the reference accelerometer was accomplished

using the signal insertion method recommended by its manufacturer.

-29-

I



I 
I 
I 
1 

1 
I 

I 
I 

AERONUTRONIC DIVISION 

-- ' ""T ' 

FIGURE 12. OMNIDIRECTIONAL ACCELEROMETER IN SHOCK TEST SETUP 
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do Sensitivity to Sinusoidal Acceleration

_ne response of accelerometer AA i0 to sinusoidal vibration

along its major axis and one transverse axis for frequencies to 2000 cps

at i0 g's and 40 g's was obtained. The specimen accelerometer in its

test fixture was mounted on a vibration table. The output of the refer-

ence accelerometers was monitored on a separate oscilloscope and distor-

tion analyzer. The signal from the omni-directional acce!erometer was

then observed on an oscilliscope using a differential preamplifier.

Waveforms were photographed at several frequencies.

e o Sterilization

Accelerometer AA 12 was subjected to a twenty-four hour bake

at sterilization temperature (+260°F) after filling with mercury, but

before sealing. Sealing was not accomplished prior to sterilization

because the accelerometer was not fully temperature compensated for the

extreme range° With a properly compensated unit, the elevated ten pera-

ture would create no pressure problems.

5.3 INSTRUMENTATION ERRORS

A list of the test instruments used in each of the tests along

with their probable errors, including readability, is tabulated below.

The probable error in the data is thus indicated.

ao Temperature Effects

Measurement Instrument Error

Output Voltage Millivolt pot, L&N 8686, Ser. 1582889 + 0.05 my

Temperature Temp. Pot, L&N 8692, Ser. 1559120 $ 2°F
m

bo Centrifuge

Measurement Instrument Error

Radius 6 foot rule + 0.6 %

RPM Counter, HP 522B, Serial 3609 + 0.i %

Output Voltage Millivolt Pot, L&N 8686 + 0.06%

Maximum error in data = Jl 0.8% of reading.
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c. Shock

Measurement Instrument Error

Acceleration

Calib. Voltage

Acceleration

Acceleration

Acceleration

Output Voltage

Output Voltage

Accelerometer, Endevco 2225, Ser. GA23 ! 5%

AC VTVM, HP400D, Ser. 26588 ! 2%

Amplifier, Endevco 2702B, Ser. CA50 _ 1%

Oscilloscope, Tektronix 531, Ser. 5034 --

Preamp., Tektronix CA, Ser. 15879 _ 5%

Oscilloscope, Tektronix 531, Ser. 5034 --

Preamp, Tektronix CA, Ser. 15879 _ 5%

Probable error in data = 8.9 percent

d. Vibration

Measurement Instrument

Vibr. Level

Vibr Level Calib

Vibr Level

Vibr Level

Vibr Distortion

Vibr Level

Output Voltage

Accelerometer, Endevco 2225, Ser. GA23

AC VTVM, HP 400D, Ser. 26588

Oscilloscope, Tektronix 531, Ser 5034

Preamp, Tektronix, CA, 15879

Distortion Analyzer, HP330D, Ser 5300

Amplifier, Endevco 2702B, Ser. CA50

Oscilloscope Preamp, Tektronix 53/54D,

Ser. 2711

Probable Error in data = + 8.9 % of reading

e. Sterilization

Mea sur emen t

Error

Tempera ture

+ 5%

+ 2%

+ 5%

ZN.A.)
+ 1%

+ 5%

Ins trumen t Error

Temp Pot, L&N 8692, Ser. 1559120 + 2°F

5°4 CALIBRATION RESULTS

The following results were obtained from the calibration testing:

a. Output Voltage as a Function of TemPerature

Every accelerometer showed a positive temperature coefficient of

output voltage having very little slope in the region of room temperature

but increasing at high temperatures. This would indicate the presence of
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a small void in the mercury due to incomplete wetting of the accelerometer

interior as discussed in Section 4. The knee in the voltage versus tem-

perature curves is not well defined due to the limited number of data

points. These curves are presented in Figures 13 through 15.

b. Sustained Acceleration as a Function of Output Voltage

The units discussed in this report did not perform as well on

the centrifuge as did the earlier dual-transducer unit and the first

test assembly of the single-transducer design. The hysteresis and non-

linearities are poorer than expected. Acce!erometer ._ i0 is particularly

interesting since the indicated acceleration is a double-valued function

of output voltage for accelerations less than about 35 g's. Curves of

acceleration as a function of output voltage are presented in Figures 16
through 27.

c. Shock Sensitivity and Waveform Conformity

In general, the onmi-directional accelerometer produced a quite

representative trace of the impacts. In those accelerometers showing

some spurious responses to shock decelerations, the peak output voltage

during each shock was used to compute the acceleration sensitivity.

Tests with accelerometers AA 9 and AA i0 in which the shock was applied

along a transverse axis, showed improved correspondence of output vol-

tage to the applied shock. AA i0 showed a reproducible decrease in

sensitivity of about 25 percent after being subjected to a 3000 g shock.

Figures 28 through 39 were reconstructed from oscillographs

taken during the shock tests. The peak amplitude of the omni accelerom-

eter output voltage has been adjusted to match the peak of the

acceleration curve generated by the reference accelerometer. Units AA 3

and AA I0 are examples of the best conformity, while units AA 6 and AA 12

gave the poorest conformity.

d. Output Voltage as a Function of Acceleration to 2000 g's

Figures 40 through 49 show the pressure sensitivity of the

transducers used in the accelerometers. The pressure sensitivities have

been converted to acceleration sensitivities by the conversion factor,

0.244 psi = I g, a function of the accelerometer's internal geometry.

Data points taken from the shock tests are shown on the graphs for

comparison. The dynamic shock output is seen to be generally higher than

the static output predicted from the pressure calibration.
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Pressure sensitivity data for transducers AA i0 through AA 12

were not available. The sensitivities for these three transducers were

estimated as the average of the other seven, or 1.048 mv/psi.

eo Frequency Response of AA I0

The vibration tests revealed a very reduced sensitivity to

sinusoidal vibration at I0 g's and 40 g's. Figures 50 and 51 show the

frequency response of AA i0 normalized to the accelerometer sensitivity

obtained on the centrifuge at i00 g's. The theoretical rectifying pro-

perty of the acce!erometer upon the output voltage was clearly discern-

ible only at select frequencies (e.g., 1850 cps). Spurious responses

and waveform breakup observed during earlier tests using accelerometers

with large mercury voids were greatly reduced during these tests. As

i00 g's is only 5 percent of the design range of the accelerometers,

better response would have been expected had test equipment permitted
higher acceleration levels.

f. Sterilization of AA 12

AA 12 was baked at +260°F for twenty-four hours prior to any

testing° Tests of the accelerometer on the centrifuge indicate that

its sensitivity was the same as the sensitivities of the other accelerom-

eters, about 0.23 millivolts per g.

Measurement of temperature effects and shock sensitivity

indicated the presence of a rather large void in the mercury. Further,

the voltage sensitivity to shock was about 2-1/2 times that which was

expected, indicating "water hammer" effects associated with larger

voids. It is probable that the baking speeded the amalgamation of the

mercury with the gold plating and destroyed its wetting characteristics

prior to the final post-bake fill operation, producing an over-size
void°
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SECTION 6

PERFORMANCE OF FINAL ASSEMBLIES

The performance of the delivered units, serial numbers AA-3,

-4, -5, -7, -8, -9, and -ii was in general superior to the test units,

particularly in output response to uni-directional acceleration

impulse. However, the same sensitivity to the presence of voids exist

in these as did in the test units.

The output response to the small displacement, low-g,

oscillating motion imparted by the vibration machine was particularly

poor except when displacement was at a very maximum and so efforts to

obtain frequency response of the accelerometer on the vibration machine

were discontinued. However, during uni-directional impacts at 2000 g's

the response was fairly good to a .001 second half sine pulse. Normally

this performance would require a system capable of at least i000 cycle

response, indicating that the accelerometer response is at least capable

of i000 cycles response to uni-directional impact acceleration inputs.

The impact pulse was not steep enough to determine whether or not the

accelerometer is capable of 2000 cycle response.

Accuracy of the accelerometer output was tested in two ways,

one in a centrifuge and the other by peak output during impact. The

calibration of the units was originally done by reading output as a

function of pressure on the transducer faces and converting the pres-

sure to g's as a function of the equivalent hydrostatic head of mercury.

In comparing the data from the two types of accuracy tests, it can be

seen that the centrifuge data compares favorably, with few exceptions,

with the pressure calibration. The impact data on the other hand, was

almost entirely off of the curve in the direction of high output for

any given g level. Part of this discrepancy can be attributed to the

accuracy limitation on the system used as a standard, since it is
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limited to _ 8 percent of full scale reading. However, assuming it to

be absolutely accurate, then the omni-accelerometer can only be said to

be accurate with respect to its calibration to the nearest i0 percent of

full scale, not to the nearest I0 percent of reading as specified. If

on the other hand the error is in the standard, then based on the excel-

lent repeatability exhibited by the omni-accelerometer its accuracy is

well within the specified i0 percent of reading. From all this, it is

advised that the accelerometer be checked against an acceptable uni-
directional standard in the environment for which this unit will be

used, in order to get comparable results.

Due primarily to the overshadowing effects of voids and thermal

drift of the sensor, no precision trimming of the temperature compensa-

tion in the accelerometers was attempted in this program. Therefore,

while considerable compensation is present, it is not complete and major

shifts in sensitivity can be expected above 100°F. This compensation

range can be readily extended but only after complete disassembly of
each unit.

A test to determine the sterilization sensitivity of the unit

encountered difficulty when, due to the lack of adequate compensation,

it was necessary to heat the assembly in the unsealed condition. Gold

is used to improve the wetting of internal surfaces with mercury and at

the elevated sterilization temperatures the gold became amalgamated, the

mercury retracted from all the crevices in the accelerometer chamber and

voids formed. The performance after subsequent sealing indicated the

presence of large voids. However, since no other ill effects were shown,

indications are that the unit could be sterilized by either separately

sterilizing the mercury and the assembly or by sterilizing it as a unit

with adequate thermal compensation present.

After subjecting one of the units to a 3000 g shock a general

reduction of sensitivity in the order of 25 percent was noted. Thus,

while it is not destroyed by such a shock, recalibration of the accelerom-

eter is required in its present form.

In an effort to improve response by opening up additional fluid

access to the transducer from the perimeter of the mercury cavity, three

of the accelerometers had holes drilled through the cap in the compensat-

or plug. This change had no significant effect on impact response but

may have further offset thermal compensation by a small amount.

Of all the units, the undelivered numbers AA 6 and AA 12 are

particularly low in performance. _ne problem in AA 12 stems from the

-75-



I
I

I
I

I
I

I
I

I
I
I

I
I

I
I

I
I

I

AERON UTRONIC DIVISION

presence of a large void, while AA 6 evidences unduly high fill pressure.

These units could likely be much improved upon complete reassembly,

including gold plating, and refilling.

In the breadboard development program, it was noted that the

insertion of the Invar compensator made the accelerometer more void

sensitive. Apparently this was due to the restriction by the compensator

of partial access to the transducer of the mercury volume. In the single-

transducer model this access is even more restricted and it seems that the

unit is much more void sensitive. It is believed that a redesign of the

Invar compensator to provide more direct access of the mercury to the

transducer, with a corresponding decrease in spherical gap around the

compensator in order to maintain the proper volume relationship, could

greatly reduce void sensitivity of the accelerometer.
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SECTION 7

REFERENCES

la Aeronutronic Publication No. U-1775, "Final Report, Advanced

Development of an Omni-Directional Accelerometer", dated 20 July 1962o
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To:

From:

Title:

Object:

Statement of

Problem:

Results

Obtained:

W. W. Hawley

D. Arnold

Calculated Dynamic (Impact) Load Factors for Elastic

and Plastic Covered Omni-Directional Accelerometer Sphere

The primary objective of this report was to analytically study

a method for limiting the impact "g" levels of the omni-

directional accelerometer sphere now in the development phase

at Aeronutronic. An impact velocity of 30 ft./sec, and sphere

of 2 in. diameter and i.i pounds were used in this report.

If the bare accelerometer sphere were required to impact at

30 ft./sec, on a hard surface the "g" forces would be quite

high.* If these forces exceed a certain value (approximately

6000 g's) then the internally contained pressure sensor might

be damaged. One possible way of preventing this overload is

to encase the sphere in a cover of elastic or plastic material

chosen so that it deforms at a "g" level less than that required

to damage the pressure sensor.

I. Elastic Covering

Pages _ thru __ give the analysis for the elastically

covered sphere impacting on a flat, elastic plane.

Figure I, Page B_____illustrates the more significant

results obtained. From this it is seen that if the

covering is chosen so that the maximum "g" load is

limited to 2800 (for this design E, = 36,000 psi) then

this sphere would indicate only 1730 "g's" for an impact

in which a rigid sphere (E! = (_)) would record 2000 g's.
Therefore, in this instance the error is 13.3%.

*For instance, Figure 1 shows that a rigid sphere, impacting on a flat plane

whose elastic modulus is 5 x 107 psi, would develop approximately 50,000 "g's".

A-I
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A further inspection of Figure 2 shows that the error

(at 2000 g's impact) would be reduced considerably

and the sphere covering material selection less tedious

if the transducer and covering were selected for a

slightly higher maximum load factor. For instance,

following is a list of the per cent error at 2000 g's,

maximum pressure at the transducer, and covering modulus

as a function of the maximum design load factor:

Design Load Factor, Transducer Pressure, Per Cent Error Elastic Modulus

Maximum Maximum at 2000 g's of Cover

2000 500 psi 24.2 16,420

2800 700 13.3 35,900

4000 I000 6.2 87 ,500

5000 1250 3.6 153,800

6000 1500 2.3 242,500

psi

2. Plastic Covering

Pages I0 and N give the analysis for a plastically

covered sphere impacting on a flat, rigid plane. The

results obtained indicate that for various maximum design

load factors the following crushing strength materials

are needed:

Design Load Factor,

Maximum

Crushing Strength

of Cover

2000 2100 psi
2800 4000

4000 8200

5000 13,000

6000 19,000

_. _ ,

D. Arnold

cc: C. F. Husen

W. D. Longyear

W. F. Mac Innes

R. S. Kraemer

N. Quackenbush
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To: W.W. Hawley

From: D. Arnold

Title: De_i_aL_of Elasticity Relations Required for the

Design of a Mercury Filled Omni-Directional Accelerometer

which is Insensitive to Temperature Changes

Object: The primary objective of this report was to derive certain

equations of elasticity to be employed in the design of
the omni-accelerometer. The actual use of these relations

will be presented in a later report of the design.

Statement of The design of the accelerometer dictates that mercury be used

Problem as the pressure inducing filler medium. However, due to

its extremely large thermal expansion coefficient, high

pressure would be induced in the system if the sphere were

completely filled with mercury. *The initial design study

of this problem, which showed the feasibility of using an

Invar inner sphere as the thermal compensator, has been

used as a guide in the present report.

Results

Obtained:

Equation (16), Page (f) is the final expression obtained. This
relation can be used to determine the effects of cavities in

the structure and temperature changes on pressures induced

in the accelerometero Furthermore, it is seen that a careful

selection of materials and geometrical dimensions can be used

to keep the pressure sensitivity of the instrument low.

CC: Co F. Husen

R. S. Kraemer

W. D. Longyear

W. F. Mac Innes

D. Arnold

* Reference Aeronutronic Report U-1775, Appendix B
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II/21/62

To:

From:

Subject:

Reference:

W. W. Hawley

C. F. Husen

Invar Thermal Compensator to be Used in Omni-Directional

Accelerometer

LC(b)-420, Derivation of Elasticity Relations Required

for the Design of a Mercury Filled Omni-Directional

Accelerometer which is Insensitive to Temperature

Changes, D. Arnold, 11/15/62

Summary

In order to compensate for the differential rates of expansion between

the mercury fluid and the case of the accelerometer an Invar mass

is to be rigidly suspended in the chamber of the acceierometer. For

proper compensation the expansion in volume of the mercury and Invar

sphere should exactly equal the expansion of the outer case. The

required diameter of the Invar sphere has been determined and is equal
to 0.9248 inches.

Discussion

Elasticity relations required for the design of a thermally compensated

omnl-directional accelerometer have been derived and were presented in

memorandum LC(b)-420. Using these relationships the thermal expansion

equations were obtained. For the specific case of a constant temperature

rise an equation for pressure as a function of temperature was presented

as Eq. 16 in the above reference from which is obtained the following

expression:

For a unit A T the pressure rise is

C-1
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where fer the stainless steel case

a = inner radius of case = 0.5 inches
I

b I = outer " " " = 0.9 inches

_1 = Poisson's ratio = 0.25

_6

o( I ffiLinear coefficient of thermal expansion = 9.3 x ]0 in/in/°F

E 1 = Modulus of elasticity = 29 x 106 psi

and for the mercury

2 = Cubical expansion coefficiemt of mercury = I01 x I0-6 in3/in3/°F

K 2 = Coefficient of compression of mercury = 0.259 x 10 -6 in3/in3/psi

and for the Invar sphere

0( 3 = Linear coefficient of thermal expansion = 0.7 x 10 -6

_3 = Poisson's ratio = 0.29

E3 = Modulus of elasticity = 21 x 106 psi

b = Radius of invar sphere
3

also

V = Volume of voids in the Invar sphere filled with mercury
V

V = Volume of supporting stem on Invar sphere
S

V = Volume of three stainless steel columns supporting Invar sphere
C

Substitution of the above values yields

p _
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This equation may then be solved for b3 where P = 0 for perfect thermal

compensation. However, since the various volumes are involved functions

of b3, a solution was obtained by selecting values of b3 and solving for

the pressure. The required radius of the Invar sphere for perfect thermal

compensation was computed to be 0.4624 inches. The variation of pressure ino
psi/ F with sphere radius is presented in Figure I.

Using the slope of the curve given in Fig. 1 near P = O, an estimate can

be made of the maximum permissible error in differential volume between

case, mercury, and Invar compensator in order to meet the specifications.
° cot.

_ne siope of the curve near P = 0 is _ = 2347.072 psz/ /in.. _ne maximum
error in accuracy permitted at 5g is - 2.5g + I0% of 5g or _ 3g's. This

corresponds to a maximum allowable A P of approximately 0.75 psi. For a

_T = 105 ° the change in radius of the Invar compensator may be computed.

Z_ = A P : 347.o7Z = 3o_x_o I_.

The volume change due to the change in radius is approximately equal to

that of a shell of radius r and thickness _r minus cutouts due to slots

and holes in the Invar sphere. The radius r is the radius of an Invar

sphere for a perfectly thermally compensated accelerometer.

The volume was computed as
-6 3

V = 7.4OE_ ,O !_

This is equivalent to a solid sphere of diameter d where

A _V _ _ 7_4_ O _""_" : 14, I × Po
rr

and d = .0242 inches.

Provision has been made for fine adjustments in volume of mercury by changivg

the length of an 0--80 set screw in the Invar compensator. To compensate

for the volume above a change in length of about 0.003 inches would be

required.

CFH:pod

cc: D. Arnold

R. S. Kraemer

W. D. Longyear

W. F. Mac Innes

C. _. Husen
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LC(b)-422

19 December 1962

TO: W. Wo Hawley cc: R. S. Kraemer

W. F. Mac Innes

FROM: Go Fo Husen G.J. Thomas

SUBJECT: Analysis of Volume Changes Due to Deflections

--; =--_- _- ^_I_. Measurement n,,o Tn wn],,mp

and Pressure Changes Causedby Deflections and Thermal Expansions

I
I

I
I
I
I

I
I

I
I

I
I

SUMMARY

An analysis of the approximate maximum error due to volume and pressure

changes caused by deflections and thermal expansions has been completed. The

approximate volume change due to deflection of the pressure transducer, elongation

of the screws joining the hemispherical case shells, and case distortion was

determined as 89.57 x 10 -6 in. 3 for a 2000 g impact° The error in acceleration

measurement due to translation of the center of gravity caused by volumetric changes

resulting from deflections and thermal expansions was estimated to be negligible

for a 5 g impact and was approximately O.17% for a 2000 g impact. The error due to

pressure changes caused by deflections and thermal expansion was estimated to be

1.97% at 2000 g's. These error computations were based on a maximum allowable error

in acceleration of 60% for a 5 g impact as required by the accelerometer specifi-

cations. As a result of the analysis the pressure change due to tem_rature niust

be less than 6.94 x 10 -3 psi/°F for proper temperature compensation for a tempera-

ture change of 105°F.

DIS CUSS ION

An analysis of the approximate maximum error in acceleration measurement

due to volume and pressure changes has been performed. The volume changes were

assumed to be a result of deflection of the pressure transducer and elongation of

the screws joining the two hemispherical case shells due to internal pressure

caused by an impact, and from case distortion due to an external load. The approxi-

mate volume change due to these deflections was computed as 89.57 x 10 -6 in. 3 for

a 2000 g impact and 0.224 x 10 -6 in. 3 for a 5 g impact. In these calculations it

was assumed that the effect on the deflections from pressure due to change in volume

was of second order.

If it is assumed that the change in volume will create a void in the

volume of mercury then an estimate of the error in measured acceleration due to

the volume changes may be made as indicated in Aeronutronic Report No. U-1775,

Appendix D° Assuming that, for the worst case, the void travels one diameter of

the cavity then the translation of the center of gravity is approximately 1.33 x 10 -6

inches due to the deflections considered. The translation of the cg due to thermal

expansions may be considered in the same manner and the translation is O.1415 x 10 -4

inches. Comparison of the cg travel with the displacement corresponding to a

S77
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19 December 1962

Page 2

30 ft/sec velocity shock for a 2000 g impact yields an approximate error of

0.17% in acceleration measurement. For a 5 g impact the error from the effect of

volume change on cg location is negligible.

The error due to pressure changes caused by the above deflections and by

thermal expansion was also estimated. In memo LC(b)-421 it was shown that the

maximum allowable change in pressure was 0.75 psi in order to meet the accuracy

specified at an impact of 5 g's. Assuming the accelerometer has been thermally

compensated for a maximum /_P = 0.75 psi for a temperature change of 105°F then

the error in acceleration measured at 2000 g's is about Oo15% and is about 60% at

5 g's. An approximation of the change in pressure due to volume change for the

deflection considered above was made. For a temperature change of 105°F the error

in acceleration at 2000 g's and at 5 g's is about 1.8%.

If it is assumed that all errors are additive for an estimate of maximum

error then the error in measured acceleration is about 2.1% at 2000 g's and 61.8%
at 5 g's. Therefore, the largest error in acceleration measurement from deflection

and thermal expansion may be expected at the low end of the range and may be due

primarily to pressure change if the accelerometer is not properly compensated for
thermal expansion. In addition it should be noted that the maximum allowable error

permitted by the design specifications is 60% at 5 g's. Therefore, the maximum

change in pressure from thermal expansion assumed above should be reduced from 0.75

psi to about 0.728 psi for a 105°F temperature change in order to reduce the

computed total error from 61.8% to the allowable maximum of 602. For proper tempera-

ture compensation, then, the pressure change due to temperature must be less than

6,94 x 10-3 psi/°F for a possible 105°F temperature change.

The analysis is presented as an Appendix in pages 3 to ii.

/cyl
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Intra-Company Communication

AERONUTRONIC DIVISION

LC(b)-4zj

27 December 1962

To: W.W. Hawley

From: C.F. Husen

Subject:

CO: W. F. Mac Innes

R. S. Kraemer

G. J. Thomas

Determination of Torque to be Applied when Tightening Nut

on Invar Compensator Stem

Sumnary

In order to prevent movement of the invar compensator from its supports

under shock loading a ptel_ in tension in the attachment stem of the

compensator is required. For an impact of 3000 g's the preload required

was found to be 237 pounds. The torque required must overcome friction

in the thEeads on the stem and between the bottom surface of the nut and

outer accelerometer shell in addition to providing the desired tensile load.

For clean dry surfaces the coefficient of friction appears to vary between

0.4 and 0.57 while for a lubricated surface the variation in coefficient

is from 0.ui^7 to 0.15. _ne.........amuuuL uL_ _LULqU_...... _-Lub=- applied to th=- .... _"-_-~LLUL _UL _L&_

assembly was computed to be 43 inch pounds for the dry friction case and 12

inch pounds for the lubricated, or greasy friction, case. Because of the

wide variation in coefficient of friction possible it would be desirable

to obtain an experimental value for the friction coefficient. This will

permit a more accurate determination of the proper amount of torque

to be applied to the unit during assembly of the Invar compensator and

outer case of the accelerometer.

Discussion

Since any movement of the invar compensator and pressure transducer assembly

will cause an error in measured acceleration due to a change in pressure

head it is necessary to prevent movement of the compensator from its

supports. An impact parallel to the axis of the spherical compensator

and the compensator attachment stem, on the side of the accelerometer

to which the compensator is attached, will produce the highest forces

tending to lift the compensator from its supports. This force is due to

177V

E-1



I
I

I
I

I
I

I
I

I
I
I
I

I

I
I

I
I
I

I

LC(b)-423 .

12/27/62

buoyancy of the invar compensator in mercury. For an impact of 3000 g's

the force is approximately 237 pounds in tension on the attachment stem..

To prevent displacement of the compensator a tensile preload in the stem

equal to or greater than 237 pounds is required.

may be obtained from

_n F _icos _ tan _ +f | inch pounds (I)T=

2 Lcos _ - f tan _J

where W = load

D = Mean diameter of screw thread

i:

f

½ thread angle

Lead angle

coefficient of friction

The stem corresponds to a 10-32 screw with a central hole 0.063 inches in

Substituting the parameters for a 10-32 screw into Equation (I)diameter.

yields

T = 0.08485 W [0.0508 +f.866 - 0.0586 f ] inch pounds (2)

The torque required to overcome friction between the nut and the outer shell

of the accelerometer, with the assumption of uniform pressure, may be obtained

approximately from:

where r
O

T
_22 f W _ro 3 - rl3) /inch pounds

3 (to2 - riZ)

is the outer radius of the nut and r i is the inner radius.

(3)

For the nut used on the compensator stem

T = 0.1996 fW inch pounds (4)

E-2
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The total torque required for a load Wmay be obtained from the sumof

Equations (2) and (4). The torque required to produce the minimumtensile
preload of 237 pounds is given in Figure i for a range of values of friction
coefficient.

The maximumtorque that may be applied will depend on the ultimate tensile

_eress _ _= o_em--m+°_a _. "_ +_'le i^._ th=t ._:_I produce a given

stress may be determined from

St + I St2 + .S 2J (5)
S= _

where S is the total combined stress in tension,

St is the tensile stress due to a load W or

W
S = - = 69.5 W psi (6)
t a

and S is the shear stress due to torsion caused by friction in the screw
S

threads
1#"

IQ T D_

or S - 4"'_ Di4 ) =s _ (D i578T

on substitution of Equation (2) for T

I'0.0508+ f (7)

Ss = 134 W I_.8--_ -" 0.0586 f j

Substituion of Equations (6) and (7) into Equation (5) y_elds

' (S = 4.75 + 14830 + 0.0508 + f W

0.866 - 0.0586 (8)

For a given value of tensile stress, S, Equation (8) may be solved for the

load, W, which will produce the stress level. The total torque required for

the computed load W is obtained from the sum of Equations (2) and (4).

The torque required for an ultimate tensile stress of 70,000 psi has been

E-3
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determined for a range of friction coefficients and is given in Figure 1.

The torque required for a yield stress of 40,000 psi is also given in

Figure i.

The coefficient of friction will depend on surface condition and whether the

stem and nut have been lubricated or are dry and clean. For oloan ;_-,

surfaces several sources give values of friction coefficient, f, which range

from about 0.4 to 0.56. The torque to be applied to the nut during assembly

of the compensator and outer case for this range of f can be obtained from

Figure I. A value of 43 inch pounds will produce a tensile load g_eater

than the required 237 pounds and a tensile stress less than yield for the

extremes of the dry friction coefficient range.

If the threads and nut are lubricated before assembly, coefficients of

friction ranging from 0.07 to 0.15 appear to be common. For this range, a

torque of 12 inch pounds will provide a slightly higher tensile load than

the required 237 pounds at the upper end of the range but will exceed the

yield stress for the lower end of the range. This will result in a somewhat

lowered margin of safety for friction coefficients at the low end of the range.

It can be seen that a single value of torque cannot be obtained that will be

satisfactory for the full range ef possible friction coefficients. Therefore,

an experimental determination of the approximate coefficient of friction

before assembly is desirable. This would permit a closer approximation

of the required torque with a corresponding improvement in margin between

the value of torque selected and the torques corresponding to the minimum

and maximum boundary conditions of required tensile preload and maximum

tensile stress.

CFH:pod
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AERONUTRONIC DIVISION

Intra-Company Communication LFC-ME-015

To:

From:

Subject :

Reference:

1/11/63

W. W. Hawley

C. F. Husen

.,.mp_u- T=_L_ uz rlaselcs Considered for Use as an

Acce lerometer Coating

(i) Memo #LFC-ME-011 by I. F. Sobczak

(2) Memo #LC(b)-418 by D. Arnold

(3) Intra-Company Communication to W. W. Hawley from

N. E. Quackenbush, Subject: Impact Limiter for

Omnidirectional Accelerometer dated 11/26/62

I
I

I
I
I

I
I

I
I

I
I

177V

Summary:

Impact tests of a simulated accelerometer against 1/8 inch thick sheets

of nine plastic materials were conducted. The purpose of the tests

was to determine the properties of the materials under shock loading for

possible use as an impact llmiter for the omnidlrectional accelerometer.

T--he acceleration-time history and the rebound height were obtained for

four drop heights for each plastic sample.

Polypropylene appeared to exhibit the desired qualities. The acceleration

on impact was limited to about 4600 g. The modulus of elasticity for

this material, computed from the impact data, is about 125,000 psi. Hlgh

density polyethylene could also be used if the modulus of elasticity

was increased to between 75,000 psi and I00,000 psi. The sample tested

limited acceleratio_sto 2300 g which is too low for the desired operating

range of the accelerometer. The modulus of elasticity for the sample

tested, based on the impact data, was about 32,000 psi.

Methods of forming the covering and bonding it to the case of the

accelerometer are under investigation.

Discussion:

In Reference 3 above it was pointed out that the compressive properties

of plastics may be expected to be a function of the loading rate, and

in addition, information on dynamic loading on plastics is limited. For

these reasons impact tests of a simulated accelerometer against I/8 inch

thick sheeCs of plastic were performed.

F-I
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Nine different plastic samples were tested in order to cover a range

of values of modulus of elasticity. A mass was dropped from four

different heights onto each sample and the acceleration was measured.

The test apparatus consisted of a drop weight guided by two parallel

strands of music wire. The impact surface of the weight was a

hemisphere of the same radius as the outer surface of the omni-

directional acceierometer, in addition the weight had approximately
the same mass as the accelerometer. An Endevco accelerometer mounted

to the top of the weight was used to measure the acceleratlon.

Acceleration-time histories of each impact were obtained by use of an

oscilloscope and a Polaroid-Land camera. The horizontal sweep circuit

of the oscilloscope was set to trigger when the voltage output of the

Endevco accelerometer exceeded approximately 25 mv. The rebound

height was determined visually with the aid of a meter stick.

The velocity determined by integration of the area under the acceleration-

time curve agreed to within 5% of the velocity change obtained from the

drop andrebound heights. In addition excellent repeatability was

obtained. Therefore, it is felt that the oscilloscope data are good

reproductions of the acceleratlon-time histories of the impacts.

The acceleration as a function of drop height for each plastic sample

is presented in Figure I. In order to protect the pressure transducer

in the omnidirectional accelerometer from an overpressure that would

rupture the diaphragm the acceleration must be limited to less than

5000 g. From Figure I it can be seen that the polypropylene sample

tested appears to meet this requirement with a limit of about 4600 g.

High density polyethylene also showed very good limiting characteristics.

The sample of polyethylene tested limited at 2300 g. However, it is

desirable to be able to measure 3000 g with the omnidirectional accelerometer,

and therefore, the coating should not limit the acceleration to a value

less than 3000 g's.

If a polyethylene plastic with a modulus.of elasticity between 75,000

psi and i00,000 psi could be obtained this material would also be

suitable as a =oating.

It was found that most of the acceleration-tlme curves could be represented

by a triangular pulse shape. Assuming a triangular wave form and with

the aid of Equation 22 from Reference I the expressions for maximum

deflection, stress, and modulus of elasticity were derived. The modulus

of elasticity for polypropylene computed from the test data is presented

in Figure 2. The average of the values of modulus corresponding to

the lowest three drop heights is approximately 125,000 psi. The slightly

lower value for the modulus of elasticity corresponding to the highest

dro p height is due to yieldlng of the material and operation in the

F-2
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1/11/63

non-linear range of the stress-strain curve. A value of 32,000 psi

was obtained for the modulus for the high density polyethylene sample.

A trapezoidal shock pulse in place of a triangular shape was used as

a better approximation of the acceleration time history for computation

of the maximum deflection and modulus of elasticity of the polyethylene

good agreement was obtained between test data for modulus of elasticity
corresponding to a maximum acceleration load factor and theoretical

results presented in Figure 2, Page 9 of Reference 2.

Several items are still under consideration. These are the method of

forming the material and the method of bonding the formed plastic

to the case of the accelerometer. While both materials are moldable

the heat required for molding is close to or above the maximum the

accelerometer can withstand without damage. A special mold to form the

plastlc may be necessary.

The test data and the analysis have been included as an appendix.

CFH:pod

Attachment

CC: R. S. Kraemer

W. F. Mac Innes

I. F. Sobczak

G. J. Thomas

N. Quackenbush

w

C. F. Husen
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Intra-Company Communication 5/9/63

To:

From:

Subject:

W. F. Mac Innes CC: R. S. Kraemer

D. L. Elder
C. F. Husen H.M. Marshall

Voids in the Mercury Filling the Omni-Directional Accelerometer

SummarY:

Since acceleration data obtained with the omni-directional accelerometers

during vibration and shock tests are characteristic of voids in the

mercury filling the accelerometer, a series of experiments to improve the

fill were instituted. Several variations in fill procedure were tried with

no apparent reduction in void size.

A series of tests using a I nma diameter manometer tube were conducted in

order to determine the approximate void size. The results of these experiments

indicated a void of between 5.5 x 10-4 and 10.5 x 10-4 cubic inches with an average

size of about 8 x 10 -4 cubic inches. Since approximately the same results

were obtained on three different accelerometer units it would appear that

this size void car be expected in all units.

In order to determine if the void was due to trapped gas o_ to mercury

surface tension one unit was filled with silicone oil. No change in oil

level in the manometer tube was observed with changes in pressure which

indicated that a complete fill of the sphere was obtained. Because oil will

adhere to the cavity walls, and therefore, will flow into small channels

and sharp corners, it is felt that the voids are primarily caused by the high

surface tension of the mercury which does not permit the mercury to completely

fill these same channels and corners.

Discussion:

Acceleration-time data have been obtained with several omni-directional

accelerometer units during vibration and shock tests. The data recorded

appears to be characteristic of large voids in the mercury when compared

with similar time history data obtained on a two transducer model. Because

the presence of a void in the mercury has a very significant effect on

the distortion, phase lag, and damping of the accelerometer output,

considerable effort has been expended in an attempt to eliminate the void.
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Initial efforts were to improve filling methods. Several variations

in a vacuum filling procedure were tried. These included pouring the mercury

in and out numerous times, striking the outside of the ball, and exciting

the accelerometer case with ultrasonic vibration and with a vibratool. In

addition the sphere was heated in order to help drive off trapped gases. All

these methods were unsuccessful in that no apparent change in the output

of the accelerometer with vibration and shock excitation were noted.

In order to determine if the poor acceleration-time data obtained during

vibration and shock tests were due to a void and not characteristic of

the design a I mm diameter glass manometer was inserted into the fill hole

of the accelerometer. The accelerometer was then vacuum filled with mercury

and a column of mercury was allowed to stand in the tube. The change in

mercury level in the tube was determined for a change in pressure from

vacuum to atmospheric.

The data obtained and the void volume determined from the data are presented

in an appendix. These data were obtained from three different accelerometer

units and therefore are felt to be characteristic of the present design.

The void volume was computed to be between 5.5 x 10-4 and 10.5 x 10-4 cu. in.

with an average value of about 8 x 10 -4 cu. in. for an internal pressure

of approximately 2 inches of mercury.

Two possible causes of the mercury void exist. These are trapped gas, and the

high surface tension of the mercury. The high surface tension does not permit

the mercury to wet the cavity walls which may prevent the mercury from

completely filling small channels and sharp corners. To determine the
difference in void size when the accelerometer is filled with a material

which wets the metal, the accelerometer was vacuum filled with silicone oil.

'o ..................................... o ........... J .........

employed for the silicone oil. However, oil viscosity forced the use of a 2

m diameter tube in place of the i mm diameter tube. No change in height of

the oil was noted for a change in pressure from vacuum to atmospheric.

This indicated that a complete fill with no void was obtained. It would appear,

therefore, that the voids in the mercury are primarily due to surface tension
effects.

In view of the surface tension effect one additional variation of the filling

procedure was tried. This was to apply pressure up to 500 psi several times

on a partially filled sphere in an attempt to force mercury into small

channels and spaces. This procedure was also unsuccessful with a void measured

of about the same size as that previously determined.

I
I

I
I

Two mew methods of improving the fill are to be tried. These methods will

consist of modifications to the accelerometer rather than an additional

modification of fill procedure. The first is an attempt to reduce the

mercury surface tension by plating the interior cavity surfaces with a

very fine layer of gold. The second method will be to fill small and relatively

inaccesible voids around the transducer and in sharp corners with RTV
silicone rubber.
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